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Analysis of High Speed Flow, Thermal
and Structural Interactions

Background

The research program began at the University of Virginia on June 1, 1989, with a

series of one-year grants that ran through May 31, 1992. On June 1, 1992, a three year
grant began that was to run through December 31, 1994. In a telephone call on March 16,
1994, the Technical Monitor informed the Principal Investigator that the grant was terminated
effective December 31, 1993, due to a lack of funds. Research support during the grant period
was supplemented by a parallel grant from the Aircraft Structures Branch at NASA LRC.

Research Tasks

Work in the grant focused on five tasks: (1) the prediction of severe, localized

aerodynamic heating for complex, high speed flows, (2) finite element adaptive refinement
methodology for multi-disciplinary analyses, (3) the prediction of thermoviscoplastic
structural response with rate-dependent effects and large deformations,

(4) thermoviscoplastic constitutive models for metals, and (5) coolant flow/structural heat
transfer analyses.

Research Progress

Task 1:

Task 2:

The research in Task 1 centered on development of an adaptive finite element space-
marching algorithm applicable to problems governed by the parabolized Navier-Stokes
equations. A space marching algorithm was developed and implemented for the Euler
equations. The computer program was validated for inviscid problems with classical
solutions including flow over a cone. A strategy for adaptive remeshing in cross-planes
was developed and implemented. The two-dimensional remeshing program was tested
extensively and was used in research under Tasks 2 and 5. The next step involved
developing an approach for connecting adaptive meshes in two successive cross-planes.
An approach was developed and implemented using tetrahedral elements. The adaptive
space marching scheme was being evaluated at the time the grant was terminated. A
Ph.D. dissertation describing the research is expected in late 1994 or early 1995.

In the first two years of the research Professors Morgan and Peraire from the U.K.
were supported through the grant, and they contributed significantly to this task. Their
research has been reported directly to the Technical Monitor. Little effort was made at
UVA for the development of finite element methodology for multidisciplinary problems.
An attempt was made in Task 5 to use adaptive remeshing to model heat transfer in a
convectively cooled plate. The objective was to model conduction in the plate and forced
convection in the coolant. The attempt showed that some major programming difficulties
are encountered in adaptive remeshing for this type of problem. Among these difficulties
are: (1) nodes must be constrained to lie on the fluid-solid interface line within the
mesh, and (2) different error indicators must be used for elements in the fluid and
solid. These difficulties suggested the need for development of a completely new
algorithm and computer program which was beyond the scope of the UVA effort.



Task 3: A significant effort was made in the investigation of the prediction of
thermoviscoplastic structural response. Finite element investigations were first
conducted for the thin plates in plane stress. Then work focused on development of a
finite element algorithm for plate bending. At the same time an experimental program
was conducted to provide data for validation of the finite element analysis.

In the experimental program Hastelloy-X plates were subjected to series of tests with
transient localized heating at increasing levels. At low heating levels, the plate behavior
was elastic, and at high heating levels the plate behavior was inelastic. Temperature,
displacement and strain data were collected.

In the initial development of the nonlinear finite element analysis a constant strain
triangle (CST) was used to represent the membrane behavior and direct Kirchhoff
triangle (DKT) was used to represent plate bending. Element performance was evaluated
first for a series of classical small and large deflection elastic problems. For these cases
element performance was excelient. Then the experimental Hastelloy plates were
analyzed for large displacement elastic behavior. For these tests agreement between
analysis and experiment was good in the linear range but not very good in the nonlinear
range. Typically greater nonlinear deflections were predicted than seen in the
experiment. After careful study, the conclusion was reached that the discrepancy was
related to the CST. The hypothesis was that the membrane stresses were not computed
accurately and were adversely affecting the response in the large deflection range where
membrane-bending coupling occurs. A higher-order membrane element was developed
and was in the final stage of implementation in the computer program when the grant
was terminated.

Task 4: An experimental material characterization program was conducted to provide data for
Bodner-Partom constitutive models. Tests were conducted for Hastelloy-X and
aluminum alloy 8009 for a broad range of strain rates and temperatures. Parameters
for the Bodner-Partom constitutive models were determined for monotonic loading.

Task 5: Two investigations were conducted for finite element modeling of coolant flow and heat
transfer analysis. In the first study a new finite element algorithm was developed to
analyze low speed coolant flows with temperature-dependent density. The algorithm was
validated with comparisons to published constant density solutions. A locally heated,
convectively cooled plate was analyzed, and the effect of the variable density assessed.

In the second study adaptive remeshing was used to model low speed variable density
flow. The solution algorithm employed was based on an equal order velocity and pressure
interpolation scheme introduced by Schnipke and Rice. For some test problems the
adaptive remeshing approach improved solution quality, but for other problems there
was no clear benefit provided by remeshing. In some problems, a graded structural
mesh produced better results than adapted unstructured meshes.

Grant Publicafi

The research progress described in the tasks above is documented in conference papers,
journal articles and theses. In addition, the enclosed report "Experimental Study of Hastelloy-X
Plate Buckling Deformations Induced by Spatial Temperature Gradients* documents the plate
tests with complete experimental data.
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ABSTRACT

An experimental study of plate buckling induced by spatial temperature
gradients is described. A rectangular Hastelloy-X plate is subjected to local line
heating by a focused quartz heat lamp. Two parallel plate edges are maintained at
constant temperature by coolant flow. Point supports provide well-defined thermal-
structural boundary conditions. Test results including temperatures and
displacements from transient elastic and inelastic tests demonstrate that
substantial plate bending occurs due to initial plate warpage and thermally

induced membrane compressive stresses.
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INTRODUCTION

As hypersonic vehicles accelerate at high speeds in the atmosphere, shocks sweep across the
vehicle interacting with local shocks and boundary layers. These interactions expose structural
surfaces to severe local pressures and heat fluxes. One example of these interactions is leading
edges of integrated engine structures which experience intense, highly localized aerothermal
loads. Reference 1 studies issues relevant to the thermal-structure response of hydrogen cooled,
super thermal-conducting leading edges subject to intense aerodynamic heating. Reference 2
describes a three dimensional thermal structural analysis of a swept cowl leading edge subjected
to skewed shock-shock interference heating. The analysis shows that due to the intense localized
heating, the thin elastic leading edge experiences very large (300 ksi) local compressive stresses.
The high level of these compressive stresses suggests the possibility of localized inelastic behavior
and/or local buckling.

Until recent years the study of structural response at elevated temperatures due to dynamic
loads was not possible because of an inability to model inelastic material behavior. Over the last
twenty years, unified viscoplastic constitutive models have evolved to meet this need. These
constitutive models provide a means for representing a material's response from the elastic
through the plastic range including strain-rate dependent plastic ﬂ‘ow, creep and stress
relaxation. Rate-dependent plasticity effects are known to be important at elevated temperatures.
Unified constitutive models implemented in finite element programs provide an important
simulation capability. Finite element analysis with unified constitutive models have been under
development for about 15 years. Reference 3 describes these efforts and presents a
thermoviscoplastic finite element computational method for hypersonic structures. Applications
of the approach to convectively cooled hypersonic structures illustrate the approach and provide
insight into the transient viscoplastic behavior at elevated temperatures.

Reference 4 presents a comprehensive literature review of research on thermal buckling of

plates and shells since the first work in the 1950s. An assessment of past research is made, and



future research needs are highlighted. Since the original investigations of Heldenfels and
Roberts5 and Gossard, Seide and Roberts6, numerous investigators have studied thermal buckling
and thermal postbuckling of plates. Until the 1980s most studies were performed for isotropic
plates, but in the 1970s research was initiated for laminated composite plates. Almost all of the
work has assumed: (1) perfectly flat initial configurations and (2) elastic behavior. With the
exception of the original papers56 and the recent paper by Teare and Fields7, all of the
investigations have been analytical or computational; there have been no further experimental
studies. There is a need for further experimental studies of thermally induced buckling for both
isotropic materials and laminated composites. Applications to aircraft structures strongly
suggest that experimental programs be conducted for plates with spatial temperature variations.
The purpose of this report is to describe progress in the Thermal Structures Laboratory to
investigate experimentally the nonlinear response of plates subjected to localized heating. One
objective of the experimental program is to provide data that can be used for validation of finite
element viscoplastic analyses. The report begins with a description of a heat lamp
characterization study. Then the thermal buckling experimental program is presented including
a description of the test fixture, the plate heating procedure, thermal-structural boundary
conditions and the instrumentation employed. Experimental results for heat fluxes, temperatures
and displacements are presented and discussed. Data are presented to permit correlation with

elastic and inelastic analyses.



HEAT LAMP CHARACTERIZATION

To achieve the strongly nonlinear plate bending response associated with high
temperatures, significant levels of heating must be applied locally to the plate surface. Incident
heat fluxes on the plate as it deforms must be known if temperature histories are to be predicted
accurately. In the current study a concentrated high intensity infrared heat lamp is used to apply a
heat flux to the test plate. A lamp characterization program has been undertaken to define the
incident heat flux.

The heat lamp used in the test program (Research Inc., Model 5215-16) utilizes a tungsten
filament quartz lamp and an elliptical reflector to concentrate the incident flux along a narrow
focal line. The model employed is based on a 2.0 in. focal distance and concentrates the flux
along a focal line of about 0.1 in. nominal width. The lamp is designed for industrial
applications such as weld joint heating, line seam brazing, wire processing, etc. The reflector
body is water-cooled, and the quartz lamp is air-cooled. Ata rated voltage of 240 volts the heat lamp
power rating is 1.6 kW (1.52 Btu/s), and at 480 volts the lamp power rating is 4.7 kW (4.46 Btu/s).

Several orientation tests were conducted with preliminary test plates instrumented with
thermocouples to provide experience with lamp operation and familiarity with the incident heat
flux distribution. Additionally, a few preliminary tests were made\to measure incident heat flux
distributions. These tests showed that there was a significant level of incident heat flux outside of
the nominal 0.1 in. heated width and that the flux varied along the lamp length. Lower heat flux
levels occurred near the lamp ends.

Since the intent of the test program was to provide a well-defined thermal environment, a
lamp characterization program was conducted. A test fixture and test program was developed to
determine the heat flux variation with lamp power and the incident flux spatial distribution.
Billet tests were also performed to determine the emissivity of the incident surface used in the

characterization program.



Lamp Characterization Tests

A schematic of the test fixture is shown in Fig. 1. The quartz heat lamp is operated with a
process controller (Research Inc., Micristar, Model 28) and a SCR power controller (Research
Inc., Model 664). The programmable process controller produces a 4-20 mA signal proportional to
the control output percent. The phase angle power controller attenuates the 480 VAC line voltage at
a level set by the signal supplied by the process controller. When attached to a purely resistive load,
the supplied power is proportional to percent control output hereafter denoted as P.

To‘ survey the incident heat flux shpplied to a surface by the heat lamp a test fixture was
constructed. The fixture shown in a photograph in Fig. 2 consists of the quartz lamp and a copper
incident heated surface mounted on an x-y table. Both are supported by a thick aluminum plate.
The quartz heat lamp can be moved by a manually operated lead screw along the z axis to vary the
distance between the lamp and the incident heated surface. The incident heated surface is moved
under the heat lamp using the x-y cross-table. Stepper motors turn lead screws which drive the x-y
platforms. Stroke lengths are 12.4 in.(350 mm) in the x direction and 7.9 in.(200 mm) in the y
direction. The lead screw has a pitch of 0.16 in (4 mm) per revolution. Using half-step control the
stepper motors have 200 steps/revolution resulting in a resolution of 0.00079 in. (0.02 mm) .

The coordinate system used for the lamp calibration tests is shown in Fig. 5. The origin is
taken at the center of the lamp focal plane and is fixed in space. The focal plane corresponds to the
top of the heated surface for z=0. For z>0, the heated surface has moved towards the lamp, and for
z<0, the heated surface has moved away from the lamp. |

Incident heat flux was measured on the surface of an 18.0 in. x 2.25 in. x 0.75 in. copper
bar. The copper bar has seven 1.375 in. dia. x 0.1875 in. circular holes machined along its
centerline every 2.0 in. on center. The bar was actively cooled by chilled water flowing through
two copper cooling tubes attached in grooves machined in the lower surface of the copper bar.
Incident heat flux was measured with three foil-type heat flux gages (RdF Corporation, P/N 20453-3

or P/N 20453-2). The heat flux gages were permanently mounted using a structural adhesive



(Hysol Aerospace Products part number EA 9394) in a 0.5 in. x 0.5625 in. x 0.02 in. cutout in a
copper disk, which was machined to fit into the holes in the actively cooled surface. Copper inserts
were placed in the four remaining holes in the surface. The arrangement of the gages is shown in
Fig. 4. Mounting the gages on copper disks, which could be removed from the heated surface,
allowed them to be sent to NASA Langley Research Center for calibration. The surface, disks and
gages were painted flat black (Tempil, Big Three Industries, Inc., Pyromark 800 ).

Early in the lamp calibration program a need to calibrate heat flux gages became apparent.
The manufacturer's calibration data was determined to be inaccurate. For example for a given
gage, data between runs showed excellent agreement. However, data correlation between gages
was very poor. The gages were sent to the NASA-LaRC heat flux gage calibration facility.
Following calibration, the difference in heat flux values between gages was less than +5%.
NASA-LaRC calibrated the heat flux gages based on incident heat flux.

Because the heat flux gages were calibrated based on incident rather than absorbed heat
flux, a series of billet tests were run to determine the emissivity of the flat black paint used during
the heat flux characterization and plate tests. Three copper billets 0.9 in. x 0.6 in. x 0.2 in. were
used for the test. A small hole was drilled into the center of the billet, and a type T thermocouple
soldered in place. A ceramic holder was machined so that the billet\,s would be held snugly in place
and insulated on five sides. The ceramic holder was then placed on top of the convectively cooled
surface such that the billets would be located at x = -2.0, 0.0, 2.0 in, and z = 0.0 in. The lamp was
turned on and t}‘me billet temperature allowed to rise to 350°F. As soon as one billet reached 350°F the
lamp was turned off. Results from a typical billet test are shown in Fig. 5. The emissivity was
assumed equal to the absorbtivity and calculated from the initial slope of the billet test results. the

equation used for the calculation was,

pch dT
o ="——
q dt (m

where p is the billet density, c is the billet specific heat, h is the billet thickness, and q is the



incident heat flux. A comparison between the results obtained directly from the heat flux gages
and those calculated from the billet tests indicate an emissivity of 0.86 for the flat black paint.

Two series of lamp tests were conducted. In the first test series lamp power and incident
heat flux were measured as a function of the control output percent P. Three heat flux gauges were
placed on the heated surface. During a test, heat flux, lamp voltage and current are measured and
recorded. During a test, the control output percent, P, was ramped from 0-85% in 1% increments.
Heat flux was measured at three x locations. Heat flux gage 1 was located at x = -2.0 in.,

y =-1.0in.,z = 0.0 in.; gage 2 was located at x = 0 in., y = -1.0 in,, z = 0.0 in.; and gage 3 was located
atx=2.0in.,y=-1.0in,,z=0.0in.

The second series of tests consisted of measuring heat flux distributions for three control
output levels, P = 5%, 10%, 15%. These correspond to power outputs of 0.223, 0.446, and 0.668 Btu/s,
respectively. Although power levels changed less than 3% over the course of a test, initial power
levels varied as much as 20% from the target outputs presented. This initial drift was attributed to
changes in the bulb filament temperature at low power levels. Thus it caused a change in the
electrical resistance of the filament resulting in a change in voltage (the controller held current
constant). Variations in initial power were accounted for in the data analysis .

An automated series of seven passes (one test) traversing along the y-axis were made at
each height z for each power setting. The series of seven passes were repeated three times for each
height/power combination and averaged. Limits of the motion along the y-axis were £2.0 in (50
mm) from the centerline, and readings were taken at intervals of 0.02 in. (0.5 mm). The gage
positions, in inches from lamp centerline, along the x axis during each pass are given in Table 1.
An illustration of the heated surface relative to the lamp for passes 1, 2, and 7 is shown in Fig. 6.

The height z was varied in 0.125 in. increments from z = -0.375 in. to z = +0.375 in..



Table 1.

Gage x Positions (inches) for Heat Flux Tests

Pass Gage 1 Gage 2 Gage 3
1 -8.0 -6.0 -4.0
2 -6.0 -4.0 -2.0
3 -4.0 -2.0 0.0
4 -2.0 0.0 2.0
5 0.0 2.0 4.0
6 2.0 4.0 6.0
7 4.0 6.0 8.0

Lamp Heat Fluxes

From the first test series the results shown in Fig. 7(a) indicate that the heat flux varies
non-linearly with control output level P for power levels less than 0.668 Btu/s. However, for power
levels greater than 0.668 Btu/s, Fig. 7(b) shows that the lamp power and heat flux change nearly
linearly. Heat flux distributions determined in the second series of tests are shown in Figs. 8-10.
Figure 8 shows the heat flux variations with y at the lamp centerline, x = 0, for 0.223, 0.446, and
0.668 Btu/s. The distribution along the y-axis displays a sharp rise in the heat flux to a maximum
along the focal line, but there are significant heat flux levels away from the centerline. Figures 9
and 10 show how the heat flux varies along the y-axis when z changes. Figure 9 depicts the heat
flux distribution when the lamp is moved 0.375 in. closer to the incident surface. The flux
distribution is similar to that at the focal plane except that the peak is slightly lower, and the flux is
spread over a larger area. However, Fig. 10 reveals a heat flux distribution which is very
different than that at the focal plane. The distribution shows two peaks at approximately +0.3 in.
This case represents the flux distribution when the lamp is moved 0.375 in. away from the lamp.
The sharp focal line is "out of focus”. The focal line, approximately 0.1 in. wide at the focal plane,
is smeared to approximately 0.6 in. wide. This 0.6 in. strip has higher heat fluxes at its edges with

a "dark area” of drastically reduced heat flux in the center.



For the plate buckling tests to be described in the next section, the upper plate surface was
insulated except for the narrow rectangular strip x = £0.25 in.. To develop an analytical
representation for the heat flux distribution over this region, average heat fluxes were determined
at seven x locations by integration of the heat fluxes between -0.25 < y < 0.25.

Non-dimensional average heat flux distributions q(x) along the x-axis are shown in Fig.
11 for P = 0.668 Btw/s. These distributions show the variation of the heat flux with x clearly. The
distributions are not symmetric about the lamp axis x. Further tests indicated that the
non-symmetric heat flux distribution along the x-axis were due to the quartz bulb not being
perfectly aligned inside the lamp body. Assuming a perfectly aligned bulb, the heat flux
distribution was represented by a second order polynomial which is symmetric about the x-axis
centerline and varies with height z. The equation is:

flx,z) = ax2+b+cz (2)

where the values of the coefficients are given in Table 2.

Table 2.

Coefficients for Heat Flux Distribution q(x)

P (Btw/s)
Coefficient 0223 0.446 >0.668
a -0.0014 -0.0015 -0.0014
b 0.3036 0.3327 0.3340
¢ 0.0827 0.0999 0.0968

As mentioned above the heat flux levels vary linearly with P above 0.668 Btw's. Additionally, the
heat flux varies linearly with z within the range tested. Based on these results an approximate

empirical representation for the heat flux q for a plate test was developed,

q(x,z,P) = (18.46PXax2 + b + cz) (BTU/t2-s)



where P is in Btu/s, and values the coefficients a, b, and ¢ are given in Table 2. Note that these

coefficients are constant for P > 0.668 Btu/s and are valid for z = £0.375 in.
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PLATE BUCKLING TESTS

The experimental investigation of plate buckling is based upon the original experiments®.6
conducted at NACA Langley in 1952 but with significant changes. The current investigation |
places emphasis on determining a plate's transient, inelastic response. The experimental results
are intended for validation of transient finite element analyses including geometric and
material nonlinearities.
Test Description

The test fixture for a plate typicél buckling test is described schematically in Figure 12.- A |
15 in. x 10 in. x 1/8 in. Hastelloy-X plate is heated along its centerline by the incident flux from the
quartz lamp. The two parallel plate edges are maintained at constant temperature by chilled water
flowing through 5/8 in. polybutylene tubes. The edges of the plates are inserted in slots machined
in the polybutylene tubes and sealed with a silicone- based RTV adhesive. The polybutylene |
coolant tubes have negligible bending stiffness which is shown later in the Isothermal Test section
of this report. The plate is supported at four points to provide well-defined structural boundary
conditions and to minimize heat loss. To prevent in-plane motion, one support uses a cone-shaped
point set in a small indentation in the plate. At the other three points, 1/4 in. dia. spherical contacts
are employed. The dimensions of a test plate, the support locations, the coordinate system and
other details are shown in Fig. 13. |

The plate is heated over a narrow rectangular strip along its centerline. The heated strip is
1/2 in. wide and was painted with Tempil Pyromark 2500 flat black paint. This paint has nearly
the same absorptivity and emissivity as the i’yromark 800 paint used in the lamp characterization
tests. Except for this strip, the test plate and coolant tubes are encased in insulation.
Approximately 1.0 in. of ceramic fiber blanket insulation is used on the upper surface, and 2.0 in.
of insulation is used on the lower surface. The reason for the lower surface having more

insulation than the top was to fill a void in the test fixture.
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Test Pr r

Nine Hastelloy-X 15 in. x 10 in. x 1/8 in. plates with certificate of originate and
composition were purchased from ATEK Metals Center. ATEK used a shear to cut the plates to
size. The tolerance on length and width was found to be +0.04, -0.00 in. These plates were sent to
NASA-LaRC to have their initial shape measured. The Hastelloy-X plate tested was taken from
this lot. It was found to have a thickness ranging from 0.1224 in. to 0.1283 in. with an average
thickness of 0.1259 in. and a maximum Az (difference between the maximum and minimum
plate's mid-plane z coordinate) of 0.0182 in. The initial shape of the plate is shown in Figure 14.
In the present tests, the plate deflected down away from the heat lamp. A copy of the material
certificate along with the plate initial deformations (warpage) are presented in Appendix A.

In a typical plate test, the chill water system was operated initially for 30-60 minutes to
bring the test plate to a uniform temperature of about 58-65°F. Coolant flow rate is sufficient to
maintain the plate edges at the initial temperature for the duration of the test. A typical test was
conducted by programming the process controller so that the lamp receives P% of maximum lamp
power, and P is maintained at the specified level until the controller is manually shut off. Lamp
characterization tests show that the quartz lamp rise time is about one to two seconds at P = 10 %. At
higher power levels, the rise time is much smaller. Lamp power is éontro]]ed within about one
percent over the duration of the test. For the present test series, the lamp power was shut off to keep
the maximum plate temperature within a predetermined maximum limit. After the heat lamp was
shut off, the plate response was monitored as temperatures returned to steady-state.

The Hastelloy-X plate was subjected to a series of five tests at increasing temperature
levels. The first two tests were elastic, and the last three tests induced increasing levels of

permanent deformation in the plate. The test series is summarized in Table 3.



Table 3.

Thermal Buckling Tests

Test P P Max. Temp. Time Behavior

No. (%) (Btu/s) (°F) (s)

1 5 0.1749 250 5400 Elastic

2 15 0.6403 37 300 Elastic

3 15 0.6423 500 600 Possibly Plastic
4 30 15410 700 200 Plastic

5 70 3.7043 1000 88 Plastic

Instrumentation

The plate was instrumented with 29 thermocouples (TC) to measure temperatures and 15
linear variable differential transformers (LVDTs) to measure transverse displacements. A PC
based (micro computer) data acquisition system was used to monitor and record temperatures,
displacements, and heat lamp power. The data acquisition system's maximum reading rate was
1.5 - 2 scans/s (one scan reads, convérts, and records all data channels) The maximum reading
rate was limited by the computer boards performing the temperature analog to digital (A/D) signal
conversions. The scan rate was varied betweén tests depending on the flux levels. Scan rates for

the tests are given in Table 4.

Table 4.

Scan Rates for Test.

Dv- Ii I- D » Q ]D

Test 1
Test 2
Test 3
Test 4
Test 5

Scan every 50 s
Scan every 5 s
Scan every 5 s
Scan every 2 s
Scan every 2 s

Scan every 50 s
Scan every 50 s
Scan every 50 s
Scan every 50 s
Scan every 50 s



The thermocouple locations are given in Table 5 and are shown in Figure 15. The
thermocouples were made from 24 gauge type K thermocouple wire. Two pairs of thermocouples T5,
T28 and T19, T29 are located "back-to-back" on the top and bottom surfaces of the plate to document
temperature gradients through the plate thickness. An Unitek TC Welder was used to make each
thermocouplé._ The thermocoupies Were typically spherical in shape with a nominal diameter of
1/32 in. The thermocouples were flattened slightly and spot welded to the surface of the test plate. A
Keithley Metrabyte MTherm-20 computer board was used to convert the thermocouple signals to
digital readings. These readings were then sent to the PC. A break-down of the expected errors

supplied by the manufacturer is given below:

Thermocouples: Omega Type K special

TC Error = +2.0 °F(1.1 °C) or £0.4%

Data Acquisition: Keithley Metrabyte MTherm-20
Cold Junction Compensation Error = 0.9 °F (0.5 °C)
A/D Error = 0.7 °F (0.4 °C)

Channel to Channel Gradient Error = #1.3 °F (0.7 °C)

Before and after each test, the MTherm-20 boards were calibrated. The calibration was performed
with an Analogic Digi-Cal II Model AN6520-8A-110 with a specified error of 1.0 °F (0.6 °C). The
combined data acquisition error was found to be +4.9 °F (2.7 °C). Therefore, the total expected error

is as follows: total Expected Error = 6.9 °F or +(0.004 x Reading + 4.9) °F whichever is greater.
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Table 5.

Thermocouple Locations

Location (in.) Measurement
TC Accuracy (+°F)
X Y Z
$0.04° +0.04 10.001

T1 025 -4.25 -0.0625 6.9 or 0.004 x Reading + 4.9
T2 025 -3.00 -0.0625 6.9 or 0.004 x Reading + 4.9
T3 025 -2.00 -0.0625 6.9 or 0.004 x Reading + 4.9
T4 025 -1.50 -0.0625 6.9 or 0.004 x Reading + 4.9
T6 025 -1.00 -0.0625 6.9 or 0.004 x Reading + 4.9
T6 025 -0.50 -0.0625 6.9 or 0.004 x Reading + 4.9
T7 025 -0.25 -0.0625 6.9 or 0.004 x Reading + 4.9
T8 -7.44 000 -0.0625 6.9 or 0.004 x Reading + 4.9
T9 -563 000 -0.0625 6.9 or 0.004 x Reading + 4.9
Ti0 -3.75 0.00 -0.0625 6.9 or 0.004 x Reading + 4.9
Til -1.88 0.00 -0.0625 6.9 or 0.004 x Reading + 4.9
T12 025 000 -0.0625 6.9 or 0.004 x Reading + 4.9
T13 188 000 -0.0625 6.9 or 0.004 x Reading + 4.9
T14 3.75 0.00 -0.0625 ‘6.9 or 0.004 x Reading + 4.9
T15 563 0.00 -0.0625 6.9 or 0.004 x Reading + 4.9
T16 744 0.00 -0.0625 6.9 or 0.004 x Reading + 4.9
T17 025 025 -0.0625 6.9 or 0.004 x Reading + 4.9
T18 025 050 -0.0625 6.9 or 0.004 x Reading + 4.9
T19 025 100 -0.0625 : 6.9 or 0.004 x Reading + 4.9
T20 025 150 -0.0625 : 6.9 or 0.004 x Reading + 4.9
T21 025 2.00 -0.0625 6.9 or 0.004 x Reading + 4.9
T22 0.25 3.00 -0.0625 6.9 or 0.004 x Reading + 4.9
T23 -7.25 425 -0.0625 6.9 or 0.004 x Reading + 4.9
T24 3.50 425 -0.0625 6.9 or 0.004 x Reading + 4.9
T25 0.25 425 -0.0625 6.9 or 0.004 x Reading + 4.9
T26 3.56 4.25 -0.0625 6.9 or 0.004 x Reading + 4.9
T27 7.25 425 -0.0625 6.9 or 0.004 x Reading + 4.9
T28 025 -1.00 0.0625 6.9 or 0.004 x Reading + 4.9
T29 0.25 1.00 0.0625 6.9 or 0.004 x Reading + 4.9

LVDT locations are given in Table 6 and are shown in Fig. 16. The LVDTs are mounted
vertically on an 3/8 in. thick aluminum support plate directly under the test plate. The deflection

of the LVDT mounting plate was found to be less than 0.0005 in. throughout the test series. The
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Table 6.

LVDT Locations

Location (in.) Measurement
LVDT Accuracy (tfin.)
X Y Y/
+0.06 +0.06 +0.001
L1 -3.50 -4.00 -0.0625 +0.000374
L2 0.00 -4.00 -0.0625 +0.000374
L3 350 -4.00 -0.0625 +0.000374
14 0.00 -2.00 -0.0625 +0.00150
L5 -6.00 000 -0.0625 +0.000374
L6 -3.50 000 -0.0625 +0.00150
L7 -2.00 000 -0.0625 +0.00150
L8 000 000 -0.0625 +0.00150
L9 200 000 -0.0625 +0.00150
L10 350 000 -0.0625 +0.000748
L11 6.00 000 -0.0625 +0.000374
L12 0.00 200 -0.0625 +0.00150
L13 350 400 -0.0625 +0.000374
L14 000 400 -0.0625 +0.000748
L15 350 400 -0.0625 +0.000374

LVDTs used were Schaevitz Series GCD-121 with a manufacture's estimated error of +0.25% of full
range (see Table 7). LVDT calibrations performed before and after the test series found that the
expected errors to be within £0.25% (of full range). A Hewlett Packard Model 6205C power supply
was used to supply the excitation voltage to the LVDTs. The LVDT supply voltage was monitored
throughout the test and was found to have a maximum drift of +0.001 volts. The output signal from
the LVDTs was processed by a Keithley Metrabyte data acquisition system consisting of a DAS-8
and an EXP-16 computer boards. The DAS-8 performs the A/D conversion, while the EXP-16
conditions the signal. The DAS-8 has a 12 Bit analog to digital converter with an estimated error
of +0.01% (of reading) plus +1 Bit. The EXP-16 with a gain setting of 0.5 has an expected error of

+0.015% (of reading). The overall displacement errors for the 3 sensor ranges used are as follows:
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Table 7.

Estimated Displacement Errors for Schaevitz's LVDT

Schaevitz Sensor Range Estimated Error
Model No. (#in.) (xin.)
GCD-121-125 0.125 0.000374
GCD-121-250 0250 0.000748
GCD-121-500 0.500 0.00150

The estimated errors for the displacement measurements for the various LVDT locations are
given in Table 6.

A Fluke 45 Dual Display Multimeter was used to measure voltage and current being
supplied to the heat lamp. The voltage and current measurements were then used to calculate lamp
power. The multimeter measured the voltage directly and used an AEMC Model SD601 Current
Probe to measure the current. The multimeter performed the analog to digital conversion and sent

the data to the PC via an RS-232 interface. The multimeter used the slow scan rate (2.5 reading per

s) setting to increase accuracy.

The manufacturers estimated errors are:

Fluke 45 Display Multimeter
estimated voltage error = 0.2% (of reading) + 100 (digits)
Note: 100 digits = 0.01 A
estimated current error = 0.5% (of reading) + 100 (digits)

Note: 100 digits = 0.1 mV

AEMC Model SD601 Current Probe

estimated error = 0.5% (of reading)
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The above errors can be used to estimate the overall accuracy of the power calculations. Table 8

gives the power measurements with associated tolerances for each of the tests.

Table 8.

Power Measurements for Tests

Test Output Average Power

No. (%) (Watts) (Btw/s)

1 5 1845 22 0.1749 +0.0021
2 15 675.5 +11.1 06403 10.0105
3 25 6776 +11.1 0.6423 #0.0105
4 30 1625.8 +20.7 15410 *0.0196
5 70 3908.0 +41.0 3.7043 10.0389

A photograph, Fig. 17, shows the test setup with the quartz lamp, chill-water piping, plate
support system, and instrumentation supported by a frame of aluminum beams. The test plate
actually cannot be seen in the photograph; it is completely hidden by insulation and the test frame.
Results

Results from Tests 2 and 5 will be discussed; however, plots\from all five tests along with
tabular data are contained in Appendices B1 - B5.

Elastic Response - Test. 2. Test 2 was run at a power level P = 15%, and the lamp was shut off
when the maximum plate temperature reached 375°F to insure elastic behavior. Temperature
distributions T(0.25, y, t) across the plate at selected times are presented in Fig. 18. Temperature
histories of three points are presented in Fig. 19. The temperature distribution across the plate is
symmetric indicating symmetrical heating and symmetrical thermal boundary conditions.
Other data not shown indicate that there is only a small variation (<4%) of the temperature along
the plate x axis. Thus, the temperature distribution is essentially one-dimensional varying only

with y, and it is symmetric about the x axis. The "back-to-back” thermocouples recorded nearly
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identical values indicating that the temperature gradient through the 1/8 in. plate thickness was
typically less than 3°F or less than 1.5% of the mean temperature. The temperature histories show
that the temperature at the center of the plate reaches a maximum of 375°F at about 300s and
subsequently decays smoothly after héating ceases. |

Corresponding displacement resbonses are presented in Figs. 20-22. Figures 20 and 21
show the deflection of the plate along the x and y axis, respectively. These results clearly show that
the buckling behavior represents a global deformation with a "half-wave" shape in orthogonal
directions. Peak deflection is about -0.075 in. or slightly more than one-half plate thickness.
Displacement histories at three points acrbss the plate centerline are shown in Fig. 22. The plate
deflection response is quasi-static. The oscillations in the displacement histories during the
cool-down period are associated with the instrﬁmentation. Finally, the overall buckling behavior
is indicated in Fig. 23 which shows the plate center temperature plotted versus the plate
displacement.

mﬂmﬁgsmns_e_-_l‘_es_t_ﬁ Test 3 and Test 4 induced small inelastic deformations so that
Test 5 began with a slightly deformed plate. Test 5 subjected the plate to a significantly higher heat
flux than previous tests. The temperature responses, Fig. 24, show that the maximum plate
temperature rose to 1000°F in about 88s. Fror;rx Fig. 25, the temperature distributions show that the
heated region was confined to a relatively narrow band about the x axis for y = 1.5 in. Outside of
this band, temperatures are unchanged. The plate displacement distributions during the heating
duration are shown in Figs. 26 and 27. A maximum deformation of 2.5 plate thicknesses
occurred. Figure 26 shows the final deformation indicating a permanent bow along the x axis.
The almost straight-line variation of the displacement with y shown in Fig. 27 suggests the
occurrence of a highly local ineléstic deformation in the heated region. Displacement histories at
three points along the cénteljline are shown in Fig. 28. The significant permanent deformation
induced by the high local heating is clearly evidenced during the cool-down phase. Points near the

center of the plate return to a positive displacement, but points near the ends return to a negative
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displacement indicating the permanent bowing of the plate. Lastly, Fig. 29 presents the classical

temperature-displacement response that occurs at the plate's center.



ISOTHERMAL TESTS

A series of isothermal elastic tests of a plate with a concentrated load at the center is
described. The tests provide insight into the plate’s mechanical boundary conditions. The testé
load-deflection results are useful for validation of a finite element model's capability “for
prediction of the plate's load-deflection behavior for plate deflections up to about three p]ate' ‘
thicknesses.

Test D -

The isothermal test series was iﬁitiated to examine possible sources for experimental
errors in the thermal buckling tests. The three major areas examined were point support tordues’, ‘
LVDT effects, and cooling circuit effects. The tests used the test fixture from the thermal buckliné_
tests with the heat lamp being replaced by a dead weight point loading device. The test fixture 1s
described schematically in Fig. 30 . A photograph, Fig. 31 shows the test setup with the loading
pallet, weights, and instrumentation. The test plate cannot be seen in the photograph; it is hidden
by the test frame. The 15in. x 10in. x 1/8 in. Hastelloy-X plate is supported at four points and is
loaded at the center with a conceﬁtrated load normal to the plate. The load is applied to the test plate
through an 1 in. diameter spherical contact. As in the thermal buckling tests, to prevent in-plane
motion one support uses a cone-shapedbpoint set in a small indentation in the plate. Atthe other
three points, 1/4 in. diameter spherfcal contacts are utilized as in the buckling tests. The
dimensions of the test plate, the support locations coordinate system and other details are shown in
Fig. 32.

Test Procedures

The 15 in. x 10 in. x 1/8 in. Hastelloy-X test plate was taken from the lot of nine plates
purchased from ATEK as described previously. The plate was found to have a thickness ranging
from 0.1232 in. to 0.1278 in. with an average thickness of 0.1259 in. and a maximum Az of 0.0218
in.

The tests were conducted at room temperature. Typically in test sets 1 and 2, the plate
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was placed in the test fixture resting on the lower point supports, but the upper point supports were
not used. A test cycle consisted of loading the plate from 0 Ibs to 274 1b and then back to 0 lbs in 20 1b
increments. Displacement measurements were taken at each incremental load step. The loading
was accomplished by adding 20 b weights to the loading pallet. The weights were centered on the
loading pallet, and then the loading pallet was rotated back and forth about the z axis for each
loading step. This was to assure that the loading ram was not sticking to the bronze bushing.
Several loading cycles were performed to examine different test conditions. The conditions

examined are listed in Table 9.

Table 9.
Isothermal Tests
Test Set Condition Description Cycles Performed

Using a Laser Sensor to Measure Displacement
Using an LVDT Sensor to Measure Displacement
1/2 in-Ib Torque on Point Supports

1 in-lb Torque on Point Supports

3 in-Ib Torque on Point Supports

Finger Tight (4-5 in-Ib of Torque) Point Supports
16 Fully Engaged LVDT Loading

Polybutelene Cooling Tubes

Plate with Cooling Tubes Hooked to Piping

OCOJTH UL WN -
(SOOI SN S o R |

The test procedure for the laser or LVDT sensor conditions (test sets 1-2) is that which has
been previously described. The only difference between the two sets of tests is the sensor used to
measure displacement. Several loading cycles were used for each set of tests.

The point-support torque tests (test sets 3-6) were designed to determine the sensitivity of the
plate deflection to variations in the clamping torque applied to the point supports. The procedures
for these test sets was the same as test sets 1 and 2 except the plate was clamped between the lower
and upper point suﬁports. The supports are 3/8-24 UNF socket head cap screws with either a cone or

spherical end. The point supports were torqued down onto the plate with either a Snap-On0to 3



in-1b (resolution of 1 in-ounce) or 0 to 200 in-lb (resolution of 5 in-1b) torque meter. In the thermal
buckling tests, the point supports were finger-tight. Finger-tight was found to be approximately 4 to
5 in-lbs of torque. Several loading cycles were performed for each of the point support torque
conditions in test sets 3 - 6.

The setup procedure for the 16 fully engaged LVDT condition (test set 7) was as follows. A
274 1b load was applied to the plate without the upper point supports being used. Then 16 LVDTs were
mounted below the plate on the LVDT mounting plate. The LVDTs were adjusted so that they would
be fully engaged within their useful operating range. The 274 1b load was then removed. Two
loading cycles were then performed.

The test set up for the plate with polybutylene cooling tubes (test set 8) was as follows. The
edges of the plate were inserted and bonded in slots machined in the polybutylene tubes with a
silicone- based RTV adhesive. The plate was then placed into the test fixture. A series of three
loading cycles was then performed.

The setup procedure for the plate with cooling tubes hooked up to the piping (test set 9)
condition was as follows. The upper supports were used to maintain the plates position up to the
first load step, then they were disengaged from the plate. Two loading cycles were then performed.
Instrumentation

The plate was instrumented with either a laser or LVDT sensor to measure displacement at
the plate center. The same PC base data acquisition system described previously. The laser
displacement sensor used is a Keyence Model LB-70/LB-11. The laser sensor is a non-contact
displacement measuring device; therefore, it does not transmit any load to the plate. A Hewlett
Packard Model 6205C power supply was used to supply the excitation voltage to the laser sensor.
The supply voltage was monitored throughout the test and was found to have a maximum drift of
+0.001 volts. The output signal from the LVDTs was processed by a Keithley Metrabyte data
acquisition system consisting of DAS-8 and EXP-GP computer boards. The DAS-8 performs the

A/D conversion, while the EXP-GP conditions the signal. Calibrations performed before and
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midway through testing indicated that the overall combined accuracy of the sensor with data
acquisition system to be +0.002 in.

The LVDT was mounted vertically on an aluminum support plate directly under the test
plate. The LVDT had a spring-loaded sensor probe which held it in contact with the plate.
Therefore the sensor will apply a small load to the plate. The LVDT used was a Schaevitz Model
GCD-121-250. (see previous Instrumentation Section for a description of errors) The LVDT was
calibrated prior to the test series and was found to have an expected error within £0.25% (of full
range see Table 6). A Hewlett Packard Model 6205C power supply was used to supply the excitation
voltage to the LVDTs. The LVDT supply voltage was monitored throughout the test and was found
to have a maximum drift of +0.001 volts. The output signal from the LVDTs was processed by a
Keithley Metrabyte data acquisition system consisting of DAS-8 and EXP-16 computer boards.
The DAS-8 performs the A/D conversion, while the EXP-16 conditions the signal. The DAS-8 has a
12 Bit analog to digital converter with an estimated error of £0.01% (of reading) plus +1 Bit. The
EXP-16 with a gain setting of 0.5 has an expected error of +0.015% (of reading). The overall
expected displacement error for the LVDT was +0.000748 in.

Dial indicators were used to monitor the deflection of the point support beams. The dial
indicators were placed on the lower point support screw heads and a\t the beam centers. The dial
indicators used were Starrett Model 25-631J with a resolution of 0.0005 in. The maximum support
beam deflection observed throughout the test series was 0.007 in. The dial indicator displacement
readings were averaged to obtain an average support deflection. The average support deflection

was subtracted from the center displacement sensor reading to determine the plate’s center

deflection.

Test Results

There was no significant difference between measurements made with the laser and the
LVDT. The results for these two conditions were combined, and a linear regression analysis was

performed on the data. The analysis indicated that the displacement-load relationship was
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linear, and the displacement can be estimated with the following expression,
werin.) = Load (Ib) x 1.255E-3 in./Ib (4)

This will be called the control regression and all the vafious conditions will be compared to it.
The results show that for the test platé with point supports, the -cent,er deflection is linearly related to
the load for deflections up to 0.34 in. or 2.7 plate thicknesses. The linearity of the behavior is
interesting because standard textbooks describing plate theory (see, for example, reference 8) state
that linear plate theory becomes inaccurate for deflections as large as the tﬁickness of the plate.

Results for the laser and LVDT coﬁditions along with the control regression are shown in
Figures 33 and 34. These two figures shov-v that the control regression curve fits both the laser and
LVDT data very well. It can also be seen that there is véry little difference between the deflection
measurements taken with the two sensors. The regression results along with percent differences

from the control regression for all the test conditions are given in Table 10.

Table 10

Isothermal Test Results

Diff. of Load
Test Standard Error No. of Coef. From
Set Condition Load Coef. Load Coef. w Est. Observations Laser + LVDT
1 Laser Sensor 1.257E-03 1.040E-06 1.882E03 133 0.139%
2 LVDT Sensor 1.253E-03 8.569E.07 1.423E-03 116 -0.165%
3 Laser + LVDT Sensor Data 1.255E-03 6.947E-07 1.706E-03 - 249 0.000%
3  1/2 in-1b Support Torq. 1.242E-03 1.368E-06 1.967E-03 87 -1.074%
4 1lin-lb Support Torg. 1.241E-03 1.194E-06 1.983E-03 116 -1.161%
5 3in-lb Support Torg. 1.238E-03 3.094E-06 2.568E-03 29 -1.360%
6 Finger Tight (4-5in-1b) 1.232E-03 5.629E-06 5.088E-03 105 -1.874%
7 16 LVDTs 1.240E-03 1.033E-06 1.213E-03 58 -1.176%
8 Polybutelene Tubes 1.242E-03 1.138E-06 1.637E-03 87 -1.032%
‘9  Coolant Piping 1.238E-03 1.709E-06 2.007E-03 58 -1.325%

In the point support torque tests, the torque was varied from 1/2 in-1b to finger tight (4-5
in-lbs). Figures 35 - 38 plot these results along with the control regression for each of the

conditions. In general it can be seen from Fig. 35 - 38 and Table 10 that the plate deflection



decreases, and the data variance increases as the support torques are increased. In the

finger-tight condition, a little hysteresis can be seen in Figure 38. Figures 39 - 41 show results for

the 16 LVDT, polybutelene, and coolant piping conditions. The effects from these conditions are
small. (less than 2%)

The results from this test series does not reveal any serious problems with the test setup or
procedure for the thermal bucklling fest series. Nevertheless, the results point out areas were care
should be taken. Such an area is the point support torques. It is apparent from the test results that
over-tightening of point supports can affect test results adversely. For future plate tests, the
‘supports should be tightened to 1/2 - 1 in-lb. Care should also be taken with coolant line connections

not to restrict plate's movement.
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CONCLUDING REMARKS

An experimental investigation of plate buckling induced by spatial temperature gradients
is described. Rectangular plates are heated transiently by a quartz heat lamp focused on the plété
centerline. Parallel edges of the plate are maintained at constant temperature by chill water flow
through coolant tubes. The plate is supported at only four points to provide well-defined t,hermal
and structural boundary conditions. A heat lamp characterization study is described; and' an
empirical formula for the incident surface heat flux is developed. The thermal buckling téSt
procedure is described, and results from‘ five tests are presented. A series of isothermal tests with .
a point load were conducted to investigate the -test mechanical boundary conditions. These tests S
validated the test conditions. The tests also showed an interesting result: the plate load-deﬂectioir;
curve was linear up to nearly three plate thicknesses for the point supports employed. "

Temperatures and displacement results for elastic and inelastic thermal buckling tests
are presented. The pléte exhibited a global buckling response in both tests. In the inelastic test the
plate maximum displacement exceeded two plate thicknesses and significant permanent
deformation was induced.

The tests reaffirm that localized heating can cause substantial out-of-plane bending of real
plates. The global bending deformatiobns demonstrated were due to in-plane spatial temperature
gradients and initial plate warpagé. Small initial warpage with compressive membrane thermal

forces was sufficient to initiate substantial transverse bending.
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Normalized Heat Flux vs. x-Distance (with z dependence).

Schematic of text fixture for plate buckling tests.



Figure 13.

Figure 14.

Figure 15.

Figure 16.

Figure 17.

Figure 18.

Figure 19.

Figure 20.

Figure 21.

Figure 22.

Figure 23.

Figure 24.

Figure 25,

Plate dimensions and support locations.

Initial transverse deflection of the test plate.

Thermocouple locations on test plate.

LVDT locations on test plate.

Photograph of test fixture for plate buckling tests.

Plate temperature distributions, T(0.25,y,t), t=50,150,300s. Test 2.
Plate temperatur}e histories, T(0.25,y,t';), y=0,-1;-2 in. Test 2.
Plate displacement distributions, w(x,0,t), t=0,150,300s. Test 2.
Plate displacement distributions, w(0,y,t), t=0,150,300s. Test 2.
Plate displacement history, w(x,O,t), x=0,-3.5,-6. in., Test 2.
Plate center temperature versus displacement, Test 2.

Plate temperature histories, T(0,y,t), y=0,-1,-2 in. Test 5.

Plate temperature distributions, T(0.25,y,t), t=8,40,88s. Test 5.
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APPENDIX B

THERMAL BUCKLING TESTS RESULTS



APPENDIX Bt
TEST 1 RESULTS
TEST CONDITIONS:
Lamp Power: 5% (.175 Btu/s)
Max Temperature: 250°F
Heat Flux Duration: 5400 s

Behavior: Elastic
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APPENDIX B2
TEST 2 RESULTS
TEST CONDITIONS:
Lamp Power: 15% (.64 Btu/s)
Max Temperature: 375°F
Heat Flux Duration: 300 s

Behavior: Elastic
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APPENDIX B3
TEST 3 RESULTS
TEST CONDITIONS:
Lamp Power: 15% (.642 Btu/s)
Max Temperature: 500°F
Heat Flux Duration: 600 s

Behavior: Possibly Plastic
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APPENDIX B4
TEST 4 RESULTS
TEST CONDITIONS:
Lamp Power: 30% (1.541 Btu/s)
Max Temperature: 700°F
Heat Flux Duration: 200 s

Behavior: Plastic
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APPENDIX B5
TEST 5 RESULTS
TEST CONDITIONS:
Lamp Power: /0% (3.704 Btu/s)
Max Temperature: 1000°F
Heat Flux Duration: 88 s

Behavior: Plastic
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TEST 5 - Panel Center Temperature Versus Displacement
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